INTRODUCTION
employed exclusively or in combination during fatty acid adaptation by a particular bacterium. Russell (1 984a) has The adaptation of bacterial fatty acid composition to summarized these adaptive responses as : (i) changes in the differing growth conditions has been reported widely, degree of individual fatty acid unsaturation, and/or the with particular regard to temperature and nutrient varioverall proportion of unsaturated fatty acids, (ii) changes ation. The majority of the observed changes in total fatty in the chain length of individual fatty acids, and (iii) acid composition have been rationalized in terms of the changes in the proportion of methyl-branched-chain fatty maintenance of ' optimal ' membrane lipid fluidity acids, and/or the position of the methyl branch present. (Sinensky, 1974; Magnuson et al., 1993; Wieslinder et all, All of the changes in lipid acyl composition, apart from those due to desaturase activity, must involve de novo fatty acid synthesis. 1x0-and anteiso-methyl branches cannot be added by methylation of existing fatty acids, but are introduced as part of the primer molecule during the initiation of fatty acid synthesis. It is well known that a major site of fatty acid biosynthetic control resides in the selection of compounds utilized as primer molecules by the fatty acid synthase system. The primer specificity determines the general types of fatty acids able to be synthesized by a bacterium (Fulco, 1983) . For bacteria containing high levels of even-chain-length fatty acids, primer specificity is highest for acetyl-CoA or butyryl- CoA. In bacteria that synthesize predominantly branched-IP: 54. 70 . 40.11 On: Mon, 05 Aug 2019 08:34:21 D. S. N I C H O L S a n d N. J. R U S S E L L chain fatty acids, specificity is greatest for the branched acyl-CoA primers, derived from branched amino axids (Butterworth & Bloch, 1970; Kaneda, 1991) . The importance of fatty acid primer specificity in the membrane adaptive response has received little attention, particularly in regard to the production of odd-chain-length fatty acids. Synthesis of these components is controlled by utilization of the odd-chain length primer propicmylCoA.
The present study investigated de nouo fatty acid adaptation with respect to primer availability and utilization in an Antarctic psychrophilic bacterium. We show here that the Antarctic bacterium strain ACAM 456 has the capacity to utilize all three of the fatty acid adaptive strategies outlined above, when grown under differing culture conditions.
METHODS
Isolation and characteristics of ACAM 456. ACAM 456 (previously designated strain JS6) was isolated from a sea-ice core collected from Prydz Bay, Antarctica (Nichols et al., 3 995) and is held within the Australian Collection of Antarctic Microorganisms (ACAM, Antarctic CRC, University of Tasmania, Hobart, Tasmania). The bacterium is an unidentified Gram-negative, non-sporulating pleomorphic rod (Nichols e t a/., 1995). Growth rate determination. The effect of temperature on the rate of growth was determined using a temperature gradient incubator (Toyo Kagaku Sangyo, Tokyo, Japan) over the range -0.3 "C to 25.0 "C at approximately one degree Centigrade intervals. The growth medium, Zobell's broth (ZB) (Zobell, 1946) , was inoculated with an actively growing culture and growth monitored by percentage transmittance at 540 nm wavelength. Cultures were shaken via an oscillatory motion of the incubator, through an arc of 60°, at a rate of 60 oscillations min-'. Growth rates at each temperature were calculated by fitting a modified Gompertz function to the data (McMeelrin e t a/., 1993). The square root of growth rate data were then fitted to the model of Ratkowsky et al. (1983) using UltraFit software. Culture conditions for cellular non-radioactive lipid analyses.
Triplicate 100 ml cultures of ACAM 456 were grown at 2 "C and 6 "C in ZB to mid-exponential phase in 500 ml flasks without agitation. Three 15 ml cultures from the above growth temperature experiment, incubated at -0.3 "C, 14.9 OC and 19-7 "C, were also utilized. For culture with single carbon sources, the media (James et al., 1990 ) consisted of 0.5 % (w/v) carbon source and 0.001% (w/v) yeast extract in 0.22 pm filtered and sterilized natural seawater. Triplicate sole carbon source cultures were incubated at 2 "C without agitation until sufficient growth was present for harvest. The above cultures were harvested by centrifugation at 7500 r.p.m. for 12 min. Bacterial pellets were collected and freeze-dried before storage at -70 "C until lipid analysis. Reproducibility of data was assessed by analysis of the mean and standard deviation values of triplicate 2 "C samples (Table 1) . Culture conditions for radiolabelling. Cultures (200 ml ZB in 1 1 flasks) of ACAM 456 were grown at 15 OC or 20 "C without agitation until mid-exponential phase, when 3.7 kBq ml-' of L-[~'-'T]serine or ~-[U-'~C]leucine (specific activities 5.3 GBq mmol-' and 10-4 GBq mmol-' respectively; ICN Pharmaceuticals) was added to the cultures. At 0.5 and 2.0 h following addition of radiolabel, 100 ml aliquots of culture were withdrawn for harvest by centrifugation at 7500 r.p.m. for 15 min. Bacterial pellets were extracted immediately for lipid analysis. For resuspension experiments, cultures in ZB were grown as above. When the cultures reached mid-exponential phase, bacterial pellets were collected by centrifugation at 6000 r.p.m. for 10 min. Bacteria were resuspended in an equal volume of sterile artificial seawater containing radiolabel as above or sodium [l -14C]acetate (specific activity 2.2 GBq mmol-' ; Amersham). To certain resuspensions, nonradioactive L-leucine (1 00 times the concentration of radiolabel) was also added. Resuspended bacteria were incubated at the initial growth temperatures. At 0.5 and 2.0 h following resuspension, 100 ml aliquots were removed and harvested for immediate extraction as above.
Lipid extraction. Lipids were extracted from bacteria using a modified one-phase (CHCl,/MeOH/H,O) Bligh and Dyer extraction (Bligh & Dyer, 1959; White e t al., 1979) . A portion of the total-lipid extract recovered from the lower CHC1, phase was transmethylated by reaction for 1 h at 80 "C with dry MeOH/CHCl,/HCl(lO: 1 : 1, by vol., 3 ml). After the addition of water (1 ml) the resultant fatty acid methyl esters (FAME) were extracted with C,H,,/CHCl, (4: 1, v/v; 3 x 2 ml). For gas chromatographic (GC) analysis, samples were diluted with CHC1, containing nonadecanoic acid methyl ester as an internal standard of known concentration.
GC analysis. G C analyses of the FAME were performed with a Hewlett Packard 5890 chromatograph equipped with a 50 m x 0.32 mm internal diameter cross-linked methyl silicone (0.1 7 pm film thickness) fused-silica capillary column and flame ionization detector (FID), as described by Nichols e t al. (1995) . GC-mass spectrometric (GC-MS) analyses of samples were performed on a Hewlett Packard 5890 chromatograph and 5970 mass selective detector, as described by Nichols et al. (1995) .
The percentage values of fatty acid chain types presented in Figs 2 and 3 represent the sums of individual component percentages as determined from G C analyses.
Radio-GC analyses. FAME samples were analysed using a PyeUnicam chromatograph equipped with a FID connected to a Pannax Reigate series radiogas detector system with a gas-flowproportional counter. A glass column (1.5 m x 2 mm internal diameter) packed with 15 % (w/w) ethylene glycol succinate silicone (EGSS-X) supported on 80-100 mesh Chromosorb W AW (Supelco) was used for FAME separations. Samples were injected at 160 "C. After 28 min, the oven temperature was raised at a rate of 8 degrees Centigrade min-' to a final temperature of 200 OC, which was maintained for 15 min. Argon containing 5 % CO, (v/v) was used as the carrier gas, and the injector and FID temperatures were maintained at 210 "C and 230 "C respectively. FAMEs were identified by comparison of retention times to authentic standards. Mass and radioactivity peaks were quantified by calculation of component peak areas.
RESULTS

Growth characteristics
The temperature-growth relationship for strain ACAM 456 in ZB is shown in Fig 
Fatty acid composition
The fatty acid composition of ACAM 456 grown in ZB at 2 "C is shown in ( 1 5 
Effect of growth temperature
The effect of growth temperature between -0.3 "C and 19.7 "C on the percentage of fatty acid chain types from ACAM 456 grown in ZB is shown in Fig. 2 . While evenchain components remained the dominant fatty acid type over the growth temperature range, there was a decrease in the percentage of these components as growth temperature increased from 14.9 "C to 19-7 "C. This was accompanied by an increase in both odd-chain and branched-chain components. At low growth temperature, this pattern was reversed. The percentage of even-chain components increased, as the level of odd-chain fatty acids decreased.
Effect of sole carbon source
The total percentages of fatty acid chain types from cultures grown at 2 "C on L-leucine, L-serine or propionic acid as the sole carbon source are shown in Fig. 3 . Growth on L-serine resulted in a distribution of fatty acid chain types similar to that observed for growth in a complex medium (ZB), apart from a lower proportion of branchedchain components (17 Yo compared with 25 %). In comparison to growth in ZB, growth on L-leucine led to an increase in the proportion of branched-chain components from 25% to 36%, whereas even-chain components decreased by 4 YO and odd-chain components by 8 YO. The greatest effect on fatty acid composition occurred when the growth substrate was propionic acid. 
Radiolabelling of fatty acids with ~-[U-~~C]serine
The percentage distribution of radioactivity in fatty acids during growth in ZB with ~-[U-~'C]serine ([14C]Ser) at 15 "C is given in (Table 2) . These fatty acids were also the major mass percentage components. The similar percentage distribution of radiolabel and mass percentage values (data not shown) implies that incorporation of radiolabel had reached an equilibrium position before 0.5 h of incubation with label. The .mass percentage composition of RASW cultures at 15 "C (data not shown) was also similar to that of cultures grown in ZB, suggesting no major disruption to bacterial metabolism had occurred during centrifugation and resuspension.
In 11 Double bond positions not determined.
in radioactivity incorporated into branched-chain components (10-15 % at 20 "C compared with 2-5 YO at 15 "C). The majority of this effect was due to i13 : 0 (1-2 YO at 15 "C versus 4-7 YO at 20 "C). The addition of excess non-radioactive L-leucine had little effect on the overall percentage distribution of radioactivity in fatty acids of 15 "C RASW cultures (Table 3) . However Fatty acid adaptation by primer utilization at 15 "C or 20 "C in the presence of non-radioactive Lleucine are shown in Table 4 
Radiolabelling of fatty acids with ~-[U-'~C]leucine
The fatty acid radiolabel percentage composition for ACAM 456 grown with ~-[ U -~~C ] l e u c i n e ( [14C]Leu) at 15 OC in ZB is shown in 
DISCUSSION
The growth temperature characteristics of ACAM 456 ( Fig. 1 ) clearly define this bacterium as being psychrophilic. Whereas the measured To,, and Tmax of an organism may vary depending on experimental conditions, Tmin has been shown to remain constant, and may be regarded as an intrinsic property of a bacterium (McMeekin etal., range, and is similar to that of the extreme psychrophile reported by Harder & Veldkamp (1971) . This implies that ACAM 456 is highly adapted to psychrophilic growth.
The fatty acid synthase of ACAM 456 is a versatile system, as it produces acyl components of three different chain types, and therefore presumably utilizes at least three different primers : acetyl-CoA/butyryl-CoA, propionylCoA and 3-methylbutyryl-CoA. While even-chain fatty acids account for the major percentage of components under all culture conditions employed, odd-chain (C15 and C17) and iso-branched odd-chain components (i13 : 0 and i15 : 0) represent significant proportions of the fatty acids (Table 1, Figs 2 and 3) . The results depicted in Fig. 2 indicate that there was a shift in the relative proportions of the three different acyl chain classes in response to growth temperature at the sub-optimal and supra-optimal extremes of growth. This implies that there is a change in the utilization of acyl chain primers. Many bacteria manipulate fatty acid chain length within a homologous chain type series (e.g. ClSils or C15,17) (Russell, 1984b) . However, manipulation of the ratio of even-and oddchain length fatty acids by this bacterium is a novel finding.
De novo manipulation of acyl chain primers was investi- Fatty acid adaptation by primer utilization increased utilization of the branched-chain primer 3-methylbutyryl-CoA as well as propionyl-CoA. This effect is supported by growth of XCAM 456 at differing culture temperatures in ZB (Fig. 2) .
However, as the radiolabels ([14C]Ser and [14C]acetate respectively) were the sole exogenous carbon sources available to cells during resuspension, the question of a potential exogenous primer effect must also be addressed. The question of primer availability, and its effect on fatty acid composition, was investigated by Ingram e t d . (1977) . These workers reported that although both Bacillus szrbtilns and Escberichia coli do not ' naturally ' synthesize odd-chain fatty acids, exogenous propionate could be incorporated in viuo as a fatty acid chain primer, leading to the synthesis of 'unnatural' C,, and C,, fatty acids. A further in vivo study also demonstrated the effects of exogenous primer availability and competition (White, 1984) . When grown in a glycine medium free of normal fatty acids, Arthrobacter globzformis produced a1 5 : 0 and a1 6 : 0 as major fatty acids. With the addition of 0.1 mg [U- 'H,,] octanoic acid ml-' to the medium, the total percentage of n-C,, and n-C,, fatty acids increased tenfold. The pattern of deuterium labelling within these components indicated that the deuterated octanoic acid had been /3-oxidized to [U-'H,]butyryl-CoA, which had then successfully competed with the branched-chain primer for fatty acid synthesis. Similar results using non-radioactive compounds were obtained with B. szrbtilis (Kaneda, 1963) .
The potential role of competition between exogenous primer availability for ACAM 456 was investigated by the addition of excess non-radioactive L-leucine to RASW cultures labelled with [14C]Ser at 15 "C or 20 "C. There was no significant change in the overall pattern of label distribution with the addition of non-radioactive Lleucine. Presumably, both amino acids were successfully transported independently inside the cell (Kaneda, 1963) . Again, this implies that the selection or internal regulation of primer availability was regulated tightly in response to environmental conditions, and that there was little competition between potential primer molecules, based on exogenous availability, in this bacterium. However, there did appear to be a higher level of label incorporation in 20 : 5cu3 when non-radioactive L-leucine was present in resuspensions. This may have been due to a greater extent of [14C]Ser transport into cells under these conditions, via a L-leucine-induced transport mechanism (Hama e t al., 1988) , or to a more subtle effect of leucine metabolism (Calvo & Matthews, 1994) .
Further evidence of the primer regulation exhibited by ACAM 456 was gained from growth on different sole carbon sources (Fig. 3) . Growth on L-leucine did result in an increase in the percentage of iso-branched-chain components, while growth on propionic acid also increased the proportion of odd-chain fatty acids to a considerable extent. However, the fact that branchedchain fatty acids were still synthesized when ACAM 456 was grown on sole carbon sources such as L-serine or propionic acid indicates that this bacterium is capable of manipulating intracellular primer availability when these compounds are not available exogenously. Interestingly, growth on L-serine yielded a fatty acid composition very similar to that observed from growth in complex media, suggesting that this compound may represent a ' central ' metabolite.
Labelling of ACAM 456 with [14C]Leu in ZB ( Table 2) clearly indicated that exogenous L-leucine is utilized as a branched-chain primer source, and that the major branched fatty acid product is i13:O. However, radioactivity was also evident in both straight-chain fatty acid series (odd-and even-chain), particularly 16 : 1, implying that in complex media too, a certain proportion of [14C]Leu is metabolized to straight-chain primer and/or elongation units. This supports the general picture of primer interchange that we propose.
ACAM 456 exhibits the de novo synthesis of a wide range of fatty acids that may be grouped into three main chain types : even-chain, odd-chain and iso-branched odd-chain. Incorporation of "C-radiolabel into fatty acids of ACAM 456 demonstrated a change in the pattern of de novo fatty acid synthesis in response to stress conditions such as resuspension in artificial seawater and supra-optimal growth temperature. These results point to a change in the utilization of fatty acid primer molecules by the fatty acid synthase system as an adaptive response to environmental stress. This adaptive response implies a manipulation of fatty acid synthesis at an early, but as yet undetermined, stage in the biosynthetic pathway. In particular, the de novo regulation of odd-chain-length fatty acids is described as a novel adaptational response in this bacterium.
